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Mitochondrial-encoded DNAThe purpose of this study was to determine the relationship between mitochondrial DNA (mtDNA) deletions,
mtDNA content and aging in rhesus monkeys. Using 2 sets of speciﬁc primers, we ampliﬁed an 8 kb mtDNA
fragment covering a common 5.7 kb deletion and the entire 16.5 kb mitochondrial genome in the brain and
buffy-coats of young and aged monkeys. We studied a total of 66 DNA samples: 39 were prepared from a
buffy-coat and 27 were prepared from occipital cortex tissues. The mtDNA data were assessed using a permu-
tation test to identify differences in mtDNA, in the different monkey groups. Using real-time RT-PCR strategy,
we also assessed both mtDNA and nuclear DNA levels for young, aged and male and female monkeys. We
found a 5.7 kb mtDNA deletion in 81.8% (54 of 66) of the total tested samples. In the young group of buffy-
coat DNA, we found 5.7 kb deletions in 7 of 17 (41%), and in the aged group, we found 5.7 kb deletions in
12 of 22 (54%), suggesting that the prevalence of mtDNA deletions is related to age. We found decreased
mRNA levels of mtDNA in aged monkeys relative to young monkeys. The increases in mtDNA deletions and
mtDNA levels in aged rhesus monkeys suggest that damaged DNA accumulates as rhesus monkeys age and
these altered mtDNA changes may have physiological relevance to compensate decreased mitochondrial
function.
© 2011 Elsevier B.V. All rights reserved.1. Introduction
Healthy aging is a natural phenomenon that is not affected by age-
related diseases. Several hypotheses have been proposed in order to
explain the aging process, including telemerase shortening, DNA
methylation, and mitochondrial free radical production [1–7].
Among these hypotheses, mitochondrial oxidative damage has been
extensively studied, using lower organisms, including yeast, worms,
ﬂies, rodents, and higher organisms such as nonhuman primates
and humans, to determine the relationship between mitochondrial
oxidative damage, and aging and age-related diseases [1,6,8–12]. Al-
though the mitochondrial theory of aging has been supported by con-
vincing evidence to explain causes of aging and death [13,14], this
theory has been challenged repeatedly because research investigating
this hypothesis has resulted in inconsistent evidence in differenty, Neuroscience Division, Ore-
egon Health & Science Univer-
el.: +1 503 418 2625; fax: +1
rights reserved.species. However, this is the only theory that has thus far survived
all challenges and has provided convincing evidence that mitochon-
dria are responsible for these natural causes of death.
Mitochondria are cytoplasmic organelles that arise from a symbi-
otic association between glycolytic prokaryotic cells and oxidative
bacteria [12,15]. Mitochondria are present in every eukaryotic cell,
are essential for cell survival and cell death, and are involved in sev-
eral important functions: 1) production of cellular ATP, 2) intracellu-
lar calcium regulation, and 3) regulation of apoptotic cell death. In
addition, mitochondria are the primary source of endogenous reac-
tive oxygen species (ROS) and are responsible for altering the reduc-
tion–oxidation potential of cells.
Every mitochondrion contains 2–5 copies of its genome. The mito-
chondrial genome is 16.5 kb and encodes polypeptides that make up
the electron transport chain (ETC), which serves as the primary
source of ROS. Alterations in mtDNA can lead to changes in ETC efﬁ-
ciency. Using PCR and DNA sequencing analysis, Gokey et al. [16]
studied mtDNA deletions in laser, micro-dissected muscle ﬁbers
from rhesus monkeys that exhibited abnormalities in their ETC.
They found that muscle ﬁbers with ETC abnormalities harbored
large deletions in the mitochondrial genome, suggesting that
mtDNA changes, particularly large deletions in the mtDNA, lead to ab-
normalities in the ETC [16]. These abnormalities may exacerbate the
Table 1
Number of samples studied for mtDNA PCR analysis in the present study.
Location Age group Sex Number
Blood (39) Young (22) Female 7
Male 15
Aged (17) Male 10
Female 7
Brain (27) Young (13) Female 3
Male 10
Aged (14) Male 9
Female 5
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which may in turn implicate deletions in mtDNA.
It is widely held thatmtDNA deletions are caused by errors that occur
during mtDNA replication, since the majority of deletions and point mu-
tations inmtDNAoccur during replication ofmtDNA [17]. Recently, how-
ever, it has been suggested that large-scale mtDNA deletions occur
during the repair of damaged mtDNA [18]. Most mtDNA deletions
begin as a “response” to a break in double-strandedmtDNA. These breaks
have been found to occurmuchmore frequently inmitochondria than in
nuclear DNA due to the proximity of mtDNA to the origin of ROS and
mtDNA's lack of protective histones and fewer repair enzymes [19,20].
mtDNAmutations have been observed to accumulate with age in a
variety of species [7], and an increase in age-dependent mtDNA de-
fects was found to induce free radical production. Age-dependent
free radicals can further damage mtDNA, leading to large deletions
in the mitochondrial genome. A speciﬁc mtDNA deletion that be-
comes more prevalent with age is the “common deletion”, a 4977
base pair deletion in the human mitochondrial genome [18]. Several
lines of evidence suggest that mtDNA deletions are responsible for
diseases in humans [21,22]. Jessie et al. [23] found high numbers of
mtDNA deletions in tissues from prostate cancer compared to the
number of mtDNA deletions in non-cancerous tissues, indicating
that mtDNA may be related to prostate cancer [21,23]. Lim et al.
[21]. Jessie et al. [23] also found high numbers of mtDNA deletions
in patients with end-stage renal disease.
The rhesusmonkey is an excellent candidate to studymitochondrial
deletions and aging for several reasons. Physiologically, the age-related
decline in metabolic rate is strikingly similar between rhesus monkeys
and humans [24], and the rhesus monkey's innate defenses against ox-
idative damage are also remarkably homologous to those of humans
[25]. Genetically, the mitochondrial genome shares 80.4% homology
with humans [16]. Further, the ‘common deletion’ is widely character-
ized in humans, but preliminary research only suggests that in the rhe-
sus monkey, it increases with age in the rhesus monkey [16].
The precise link between mtDNA deletions in aging in nonhuman
primates, particularly rhesus monkeys, is not completely understood.
Further, whether mtDNA content accumulates in aged rhesus monkeys
relative to young rhesusmonkeys is also unclear. To understand themi-
tochondrial theory of aging in nonhuman primates, additional research
is needed. Based on current knowledge of aging and mitochondrial de-
letions in nonhuman primates, we hypothesize that mtDNA deletions
increasewith age in rhesusmonkeys and thatmtDNA content increases
with age, as a physiological adaptation or compensation for the loss of
mitochondrial function in agedmonkeys. To investigate these hypothe-
ses, we studied 1) mtDNA deletions and 2) mtDNA content in young
(4–10 years) and aged (21–33 years) rhesus monkeys. We also studied
3) gender difference in terms of mtDNA deletions and mtDNA content
and 4) mtDNA expressions relative to nuclear DNA in young and aged,
and male and female rhesus monkeys.
To determine mtDNA deletions and mtDNA content in rhesus
monkeys, we used long-range PCR and ampliﬁed an 8 kb PCR cover-
ing ‘a common 5.7 kb mtDNA deletion’ in DNA prepared from the oc-
cipital cortex and buffy-coat of the rhesus monkey. The position of the
‘5704 base-pair common deletion’ is between 14,849 and 8966 [26].
We conﬁrmed the 8 kb PCR results, using full-length mtDNA PCR
analysis. We visualized the mtDNA PCR product and quantiﬁed the
mtDNA PCR using densitometry, and using a permutation test, we de-
termine the difference in the mtDNA PCR band intensity across rhesus
monkeys in terms of gender and age.
2. Materials and methods
2.1. Rhesus macaques, source of DNA, and number of samples studied
All monkeys were in good health and had not been used previous-
ly in studies of genomic and neurotoxic related studies. Becausemonkeys reach sexual maturity at approximately 3–5 years of age
and have a maximum life span of approximately 35 years [27], we
used occipital cortex tissues that were collected during necropsies
of young (4–10 years) and aged (21–33 years) rhesus monkeys.
Table 1 identiﬁes the numbers of rhesus monkeys studied, by gender.
We also studied DNA samples prepared from buffy-coats of young
and aged rhesus monkeys. These animals were from our rhesus colo-
ny for primate genetic studies at the Oregon National Primate Re-
search Center at Oregon Health & Science University. Our primary
interest was to study the mtDNA deletions and mtDNA content in
both rhesus brain and peripheral nervous system tissues.
As shown in Table 1, a total of 66 DNA samples were studied for
mtDNA deletions and content, 39 were prepared from peripheral
buffy-coat DNA, and 27 were prepared from occipital cortex tissues
of the brains of young (4 to 10 years) and aged (21 to 33 years)
male and female rhesus monkeys.
2.2. Oligonucleotide primers for mtDNA
To assess mtDNA deletions and content, we used 2 sets of oligonu-
cleotide primers and ampliﬁed the rhesus monkey mitochondrial ge-
nome: set 1, 8 kb DNA covering a common ~5 kb deletion; and set 2,
the entire 16.5 kb (Fig. 1A and B). For 8 kb ampliﬁcation: To amplify
the common mitochondrial deletion, we used oligonucleotide
primers covering half of the mitochondrial genome in rhesus mon-
keys (Table 2). For 16 kb ampliﬁcation: To amplify the entire mito-
chondrial genome, we designed the oligonucleotide primers
targeted to the cytochrome b gene of the rhesus mitochondrial ge-
nome, using Invitrogen (OligoPerfect™ Designer). The location of
these primers allowed for the replication of the entire mitochondrial
genome (~16.5 kb) (Table 2).
2.3. PCR conditions
2.3.1. 8 kb ampliﬁcation
Twenty μL samples were prepared for PCR with 300 ng of DNA,
0.230 μM of each (forward and reverse — Fig. 1A) primer, 1U Plati-
num Taq polymerase, 1× PCR Buffer, 0.2 mM of each dNTP, and
2 mM MgCl2. PCR conditions consisted of an initial denaturation
phase of 94 °C for 5 min, followed by 35 cycles of 94 °C for 30 s,
60 °C for 45 s, and 68 °C for 12 min. The PCR process concluded with
a ﬁnal elongation period of 72 °C for 10 min. 16 kb ampliﬁcation:
Twenty μL samples were prepared for PCR with 300 ng of DNA,
0.230 μM of each (forward and reverse) primer, 1U Platinum Taq
high ﬁdelity polymerase, 1× PCR buffer, 0.2 mM of each dNTP, and
2 mM MgSO4. PCR conditions consisted of an initial denaturation
phase of 94 °C for 30 s, followed by 35 cycles of 94 °C for 20 s, 55 °C
for 30 s, and 68 °C for 16 min. The PCR process concluded with a
ﬁnal elongation period of 72 °C for 10 min.
2.4. Real-time RT-PCR to determine mtDNA and nDNA expressions
To determine the mtDNA expression relative to nuclear DNA,
using quantitative Real time RT-PCR, we measured mRNA levels of
Fig. 1. mtDNA in rhesus monkeys. Fig. 1A shows the location of oligonucleotide primers used to amplify full-length mtDNA. Fig. 1B shows the location of oligonucleotide primers
used to amplify 8 kb mtDNA. Detailed localization of mitochondrial primers is given in Table 2.
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and nuclear gene, beta actin as described earlier [28–30]. Using Prim-
er Express software (Applied Biosystems), we designed the oligonu-
cleotide primers for the housekeeping genes, β-actin, mitochondrial
genes NADH subunit 1 and NADH subunit 4. Oligonucleotide primer
sequences for mitochondrial genes, NADH subunit 1 and NADH subu-
nit 4 and beta-actin genes are as follows: NADH subunit 1 — forward
primer 5′ CCCTAAAACCCGCCACATCT 3′ reverse primer 5′ CGATGGT-
GAGAGCTAAGGTC 3′; NADH subunit 4 — forward primer 5′ CAAACA-
CACACTTCCCCCTAGTC 3′ and reverse primer – 5′
TTCACAAGCAGCGAATACTAGCA 3; Beta-actin forward primer 5′
GCGCGGCTACAGCTTCA 3′ and reverse primer 5′ CTTAATGTCACGCAC-
GATTTCC 3′. NADH subunit 4 subunit is a part a 5.7 kb common dele-
tion, and this allowed us to verify mtDNA expression with and
without 5.7 kb common deletion in rhesus mtDNA. Brieﬂy, total
RNA was isolated from monkey brain tissues using, TRIzol. Reverse
transcription was performed with 2 μg of total RNA from each sample,
using the Superscript III First Strand Synthesis System for RT-PCR
(Invitrogen). RNA was combined with oligo-dT20, 1 μl of oligo (dt),
and 1 μl dNTPs (10 mM each) in a total volume of 12 μl; and then
heated to 65 °C for 5 min. The mixture was chilled on ice, and then
4 μl of 5× ﬁrst strand buffer, 2 μl of 0.1 M DTT, and 1 μl RNAse out
were added. Samples were incubated at 42 °C for 2 min, and then
1 μl of Superscript III (40 U/ml) was added. After a 50-min incubation
at 42 °C, the reaction was inactivated by heating at 70 °C for 15 min.
Real-time quantitative PCR was performed, using an ABI PRISM
7900HT Sequence Detection System (Applied Biosystems, Carlsbad,
CA) in a 25-μl volume. The reaction mixture for each primer was com-
prised of 1× PCR buffer, 2 mM MgCl2, 250 μM dNTPs, 0.3× SYBRTable 2
Sequences and locations of primers used to amplify either the entire or about half of
the rhesus mitochondrial genome.
Primer label Sequence (5′-3′) Location in genome
Full-length mtDNA PCR
Forward primer CAA CAG TAA TCA CAA ACC TGC TAT CA 15,168-15,193
Reverse primer GTG ATT CAG CCG TAC TTT ACA TCT CG 14,976-14,951
8 kb mtDNA PCR
Forward primer GGA ATA CCC CGA CGC TAC TCT G 7,152-7173
Reverse primer AAG TAT AGG GAT GGC TGC TAG AAT G 15,661-15,647Green, 3.12% DMSO, 0.015 U/μl GoldTaq, 50 ng cDNA, 200 nM. β-
actin was used as nuclear gene and CT values of beta-actin (nuclear
gene) were compared with NADH subunit 1 (mitochondrial-encoded
gene), and beta-actin, with NADH subunit 4. We use cycle-threshold
(CT) values as a measure for mRNA expression between nuclear
DNA (100%) to mitochondrial-encoded DNA (NADH subunit 1 and 4).2.4.1. Product visualization of mtDNA deletion
PCR products were visualized using horizontal gel electrophoresis.
10 μL of the ampliﬁed DNA samples were run for 1.5 h at 120 V on
TAE agarose gels stained with ethidium bromide. Eight kb products
were run on 1.5% gels, and 16 kb products were run on 0.8% gels.2.5. Quantiﬁcation of mtDNA content and 8 kb PCR
In addition to scoring the presence/absence of the common dele-
tion, the net intensity of the PCR band at 8 kb was quantiﬁed using
Kodak imaging software (Kodak Digital Science, Kennesaw, GA). We
conﬁrmed the presence of the 5.7 kb common deletion using 16 kb
ampliﬁcation for all samples. The common deletion and additional
deletions were scored as present or absent. We analyzed the mtDNA
PCR quantiﬁcation data from brain and buffy-coats of young and
aged rhesus monkeys. We analyzed the data between the male and
female rhesus monkeys of both age groups.2.5.1. Statistical analysis
A permutation test was used to determine the difference in the
mtDNA PCR band intensity across the rhesus monkeys in terms of
gender and age. A permutation test provides a non-parametric test
to compare groups. When comparing groups of monkeys, we generat-
ed the null distribution of test statistics by enumerating the test sta-
tistics under every possible permutation of groupings, with groups
the same size as original sample. Then we compared an observed
test to the null distribution to determine the probability of getting
achieving a test as extreme as observed. Permutation was based on
probability statements derived solely from observed data sets of
mtDNA PCR densitometry values. These tests were robust and non-
parametric since no assumptions about theoretical sampling distribu-
tions were needed.
Table 3
Summary of densitometry values of 8 kb mtDNA PCR in rhesus monkeys.
Location Comparison Group Estimated
densitometry
value
Difference Standard
error
Permutation
test p-value
Blood Gender
effect
Female 373.03 20.60 45.99 0.5248
Male 352.44
Age effect Aged 387.75 50.02 45.99 0.2655
Young 337.72
Gender
affect for
aged group
Female 428.14 80.78 67.40 0.3276
Male 347.36
Gender
affect for
young
group
Female 317.93 −39.59 62.60 0.4473
Male 357.52
Age effect
for female
Aged 428.14 110.21 67.40 0.0920
Young 317.93
Age effect
for male
Aged 347.36 −10.16 62.60 0.8829
Young 357.52
Brain Gender
effect
Female 604.56 −0.94 109.62 0.2612
Male 605.50
Age effect Aged 787.92 365.79 109.62 b0.0001⁎
Young 422.13
Gender
Affect for
aged group
Female 711.44 −152.96 141.73 0.3148
Male 864.40
Gender
affect for
young
group
Female 497.67 151.07 167.27 0.4350
Male 346.60
Age effect
for female
Aged 711.44 213.78 169.40 0.2341
Young 497.67
Age effect
for male
Aged 864.40 517.80 139.17 0.0019⁎
Young 346.60
⁎ Indicates statistical signiﬁcance.
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The purpose of this study was to determine the relationship be-
tween mtDNA deletions/mtDNA content and the effects of aging in
rhesus monkeys. Using 2 sets of oligonucleotide primers, we ampli-
ﬁed the rhesus monkey mitochondrial genome: set 1, 8 kb DNA cov-
ering a common 5.7 kb deletion (in between 14,849 and 8966 base-
pair of mtDNA); and set 2, the entire 16.5 kb. As shown in Table 1,
we studied a total of 66 DNA samples: 39 were prepared from a pe-
ripheral buffy-coat and 27 were prepared from occipital cortex tis-
sues from the brains of young and aged rhesus monkeys. mtDNA
content and mtDNA deletions were evaluated by visualization of
PCR products and densitometry analysis of PCR products. The
mtDNA data were statistically assessed using a permutation test in
order to identify the differences in mtDNA in young and aged, male
and female rhesus monkeys.
3.1. PCR analysis of 8 kb mtDNA in rhesus monkeys
We found 5.7 kb mtDNA deletions in 81.8% (54 of 66) total tested
samples. However, all 27 samples prepared from the occipital cortex
of young and aged monkeys showed 5.7 kb deletions, and 17 of 39
(43.6%) DNA samples prepared from the buffy-coat in young and
aged monkeys showed 5.7 kb deletion. In the young group of buffy-
coat DNA, we found 5 Kb deletions in 7 of 17 (41%), and in the aged
group, we found 5.7 kb deletions in 12 of 22 (54%), suggesting that
mtDNA deletions increase with age.
3.2. Brain mtDNA
We analyzed 8 kb mtDNA PCR data for brain DNA and buffy-coat
DNA for gender and age using permutation analysis. Our densitome-
try analysis of mtDNA PCR ampliﬁed from brain DNA revealed a sig-
niﬁcant increase in mtDNA in aged (Pb0.0001) compared to young
monkeys (Table 3).
Using PCR analysis, we did not ﬁnd a signiﬁcant difference be-
tween males and females, in terms of mtDNA. However, we found a
signiﬁcant increase in densitometry values of mtDNA PCR in aged
male monkeys (P=0.0019) compared to aged female monkeys
(Table 3 and Figs. 3 and 4).
3.3. Buffy-coat mtDNA
Using PCR analysis, we found increased densitometry values of
mtDNA in aged monkeys compared to young monkeys, but the values
were not statistically signiﬁcant (Table 4). In terms of gender differ-
ence, we found increased mtDNA in aged monkeys compared to
young monkeys, but these values were also not statistically signiﬁ-
cant (Table 3).
3.4. 16 kb mtDNA PCR
To validate the 8 kb mtDNA data, we also ampliﬁed full-length
mtDNA for all 66 DNA samples (Fig. 2B). We conﬁrmed the mtDNA
deletions in the same samples, using the 8 kb mtDNA ampliﬁcation.
3.5. Nuclear DNA to mitochondrial DNA
To determine the expression difference between nuclear DNA to
mitochondrial-encoded DNA in the brain and buffy-coats of young
and aged, and male and rhesus monkeys, we used real-time RT-PCR
strategy and ampliﬁed nuclear DNA (beta-actin) and mitochondrial-
encoded DNA (NADH subunit 1 and 4) (Fig 5). We used cycle-
threshold (CT) values as a measure for expression between nuclear
DNA (100%) to mitochondrial-encoded DNA (NADH subunit 1 and
4). As shown in Fig. 5A and B, we found expression levels of NADHsubunit 1 in the buffy-coats of young and aged monkeys are 72% of
each to beta-actin, 100%. The mRNA expression levels of NADH subu-
nit 4 is signiﬁcantly decreased in the brains of aged monkeys (70%)
relative to young monkeys (75%, Pb0.02) (Fig. 5B and C), indicating
the presence of increasedmtDNA deletions in the brains of agedmon-
keys. As shown in Fig. 5E and F, mRNA expression levels of NADH sub-
unit 1 and 4 are same for both male and female monkeys, indicating
that gender did not play a role in mRNA expression of
mitochondrial-encoded genes investigated in this study.
4. Discussion
The purpose of our study was to understand mtDNA deletions and
mtDNA content in brain and peripheral tissues, as a part of our inves-
tigation of mtDNA in nonhuman primates. The sources of DNA in our
study were from the occipital cortex and blood derived the buffy-
coats of the rhesus monkey. To study the mtDNA common 5.7 kb de-
letion and mtDNA content, we used a long-range PCR technique and
ampliﬁed 8 kb mtDNA derived from 66 DNA samples of buffy-coat
and occipital cortices from young and aged, male and female rhesus
monkeys. Our 8 kb mtDNA PCR harbored a 5.7 common deletion
(Fig. 1). The position of the 5704 kb common deletion was between
the 14,849 and 8966 base-pair mtDNA [26]. mtDNA content and
mtDNA deletions were evaluated, using PCR visualization products,
and densitometry analysis was also conducted, using the PCR visual-
ization products. The mtDNA data were statistically assessed using a
permutation test, to identify differences in mtDNA from the young/
aged and male/female rhesus monkeys groups.
4.1. mtDNA deletions in rhesus monkeys
We found a 5.7 kb mtDNA deletion in 81% DNA samples; we cross-
checked our ﬁndings using full-length and 8 Kb mtDNA PCR. These
Fig. 2. PCR ampliﬁcation of 8 kb and full-length mtDNA. Fig. 2A shows a representative
8 kb mtDNA. Samples 1–7 represent DNA from aged rhesus monkeys and samples
8–15, from young rhesus monkeys. Fig. 2B shows representative, full-length mtDNA
PCR. Samples 1–3 show DNA from young rhesus monkeys, and 4–6, from aged rhesus
monkeys.
Table 4
Summary of densitometry values of 8 Kb mtDNA PCR combined (young+aged).
Age group Sex No. of samples Mean densitometry values Standard dev
Aged Female 19 562.34 251.66
Male 12 562.79 339.94
Young Female 10 371.85 155.32
Male 25 353.15 175.57
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both the peripheral and central nervous systems of rhesus monkeys.
Our initial ﬁndings agree with other researchers' reports of mtDNA
deletions in oocytes [26] and skeletal muscle tissues [22,31,32] from
rhesus monkeys. Our ﬁndings of 5.7 kb deletions in blood and brain
samples from rhesus monkeys – together with these earlier studies
[26,31–33] – suggest that the 5.7 kb deletion is present in different
tissues in the rhesus monkey.
However, the connection between mtDNA deletion, and mito-
chondrial function – particularly free radical production,Fig. 3. Densitometry values of mtDNA PCR. The ﬁgure presents a graphical representa-
tion of densitometry values of mtDNA from young and aged, and male and female
groups of rhesus monkeys.mitochondrial enzyme activities, and ATP production in both central
and peripheral nervous systems of young and aged rhesus monkeys
– is still not completely understood. In nonhuman primates, the con-
nection between mtDNA deletions and aging [18,34] and diseases
[21–23] that were reported in humans has not yet been studied. Fur-
ther research is needed to elucidate the connection between mtDNA
deletion(s) and mitochondrial dysfunction; and the connection be-
tween mtDNA deletion and diseases, in rhesus monkeys.
4.2. mtDNA deletions in humans and their relationship to human
diseases
In humans, 2 major common deletions have been described:
(1). The most commonly described deletion covering a 4977 base-
pair fragment comprises 5 tRNA genes and polypeptide genes
disrupting the function of mitochondrial ETC complexes 1, IV,
and V. The probable origin of this large deletion is due to an
intra-genomic recombination event that occurs between 2,
13-base-pair repeats (at 8470–8482, and 13,447–13,459 posi-
tions). This common deletion is reported to be associated
with an increased production of free radicals and a decreased
mitochondrial membrane potential [35]. Further, this common
deletion is linked to several diseases, such as prostate cancer,
end-stage renal disease, multiple sclerosis and Alzheimer's dis-
ease (AD) [21–23,36]. In humans, Porteous et al. [18] found a
4977 bp common deletion linked to aging. This large mtDNA
was also found in several organs in humans, including skeletal
muscles, the heart, and different parts of the human brain [34].
This deletion has been studied in high-energy demand organs,
including skeletal muscles, the heart, and the brain. An in-
crease in the prevalence of this deletion in each of these tissues
was observed with age [18]. In addition, Hirai et al. [36] found
increased levels of 4.977 bp common mtDNA deletion inFig. 4. Densitometry of mtDNA PCR by age. Signiﬁcantly increased mtDNA (combined
analysis of buffy-coat DNA and brain DNA samples) was observed in aged rhesus mon-
keys, compared to young rhesus monkeys.
Fig. 5.mRNAexpression ofmitochondrial-encoded genes, NADH subunit 1 and 4 relative to nuclear genebeta-actin. (A) Represents percentmRNA expression ofNADH subunit 1 in buffy-
coat of agedmonkeys relative to beta-actin in young and aged rhesusmonkeys. (B) Represents percent mRNA expression of NADH subunit 4 in buffy-coat relative to beta-actin in buffy-
coat in young and aged rhesusmonkeys. (C) Represents percentmRNA expression of NADH subunit 1 in the occipital cortex relative to beta-actin in young and aged rhesusmonkeys. (D)
Represents percent mRNA expression of NADH subunit 4 in the occipital cortex relative to beta-actin in young and aged rhesus monkeys. mRNA levels of NADH subunit 4 were signiﬁ-
cantly decreased in agedmonkeys relative to youngmonkeys. (E) Represents percentmRNA expression of NADH subunit 1 in the occipital cortex relative to beta-actin inmale and female
rhesus monkeys. (F) Represents percent mRNA expression of NADH subunit 4 in the occipital cortex relative to beta-actin in male and female rhesus monkeys.
116 P. Mao et al. / Biochimica et Biophysica Acta 1822 (2012) 111–119cortical and hippocampal neurons from AD patients relative to
age-matched control subjects, indicating that neurons with in-
creased mtDNA deletions are damaged in AD.(2). The second major common deletion is a 3895 bp found in
human mtDNA, ﬁrst reported in diseased muscle by Moraes
and colleagues [37]. This deletion is linked to photoaging
117P. Mao et al. / Biochimica et Biophysica Acta 1822 (2012) 111–119[38], spans between 547 and 4443 of mtDNA covering 12s
rRNA, 16s rRNA and complex I gene, ND1, and the promoters
of transcription of both outer and inner strands. This deletion
is associated with a point mutation 414T-G, which is found in
skin ﬁbroblasts in individuals older than 65 years of age [39].
Overall, both of these deletions may play a large role in the aging
process and age-related diseases in humans. However, in nonhuman
primates, the relationship among mtDNA deletions, aging, and age-
related diseases is not completely understood. Currently, we have ini-
tiated a large-scale study to elucidate these relationships.
4.3. Increased mtDNA content in aged rhesus monkeys
For the ﬁrst time, we found a signiﬁcant increase in mtDNA in
aged rhesus monkeys (Pb0.0001) compared to young rhesus mon-
keys in our densitometry analysis of mtDNA content, suggesting
that aged rhesus monkeys harbor degraded mtDNA. This increased
mtDNA content, in both the peripheral and central nervous systems,
may be due to a local compensatory response of decreased mitochon-
drial function and low ATP production. Interestingly, this feature may
be tissue-speciﬁc, in rat it has shown that a substantial age-related
decline in mtDNA copy number proportional to tissue oxidative ca-
pacities is demonstrated in skeletal muscle and liver. mtDNA levels
are in contrast preserved or slightly increased in the aging heart mus-
cle, presumably due to its incessant aerobic activity [40]. It may be
similar mechanism to heart, brain is another high oxygen demanded
organelle, we consider these adopted changes in the key organelles as
physiological compensatory responses rather than pathological
markers.
There is growing literature indicating that, in rodents and humans,
mitochondrial function decreases with an increase in age, which may
be primarily due to the accumulation of defective mtDNA (including
point mutations and large deletions), and which may be accompanied
by an increase in free radical production [13,14,19,41]. Our real-time
RT-PCR data show that NADH subunit 4 mRNA expression is reduced
in the cortices of old monkeys relative to young monkeys, indicating
that the mitochondrial function is going down with aging, at least it
occurs in some key mtDNA-encoded genes and related functions. To
compensate for the loss of mitochondrial function and the associated
reduction in ATP production in aged tissues, mitochondria may repli-
cate rapidly and may try to produce more ATP. However, during the
process of balancing the supply (more mitochondria) and demand
(ATP) in high-energy consuming tissues, such as brain tissues, exces-
sive defective mitochondria and mtDNA may accumulate. This possi-
bility may be the explanation for the increase in mtDNA content that
we found in this study, in tissues from aged rhesus monkeys com-
pared to young rhesus monkeys.
This phenomenon – that is, the accumulation of defective mito-
chondria and a corresponding decrease in mitochondrial functionTable 5
Analysis of gender and age effects with a combined 8 kb mtDNA PCR data (blood+brain).
Comparison Group Estimated densitometry value
Overall gender effect Female 467.09
Male 457.97
Overall age effect Aged 562.56
Young 362.50
Gender affect for aged group Female 562.34
Male 562.79
Gender affect for young group Female 371.85
Male 353.15
Age effect for female Aged 562.34
Young 371.85
Age effect for male Aged 562.79
Young 353.15
⁎ Indicates statistical signiﬁcance.with the increase of age – has been observed: 1) in postmortem
brains from patients with AD [36] and in transgenic mice with over-
expressed amyloid precursor protein [42], and 3) in a presenilin 1
transgenic mouse model [43]. Brieﬂy, Hirai et al. [41] found an in-
crease in damaged mitochondria and defective mtDNA, including in-
creased mtDNA deletions in hippocampal and cortical neurons, from
postmortem brains from AD patients, compared to the mtDNA in
postmortem hippocampal and cortical neurons from healthy control
subjects, indicating that mitochondrial abnormalities are evident in
AD brains [36]. In a time-course gene expression study of APP trans-
genic mice, Reddy et al. [42] found increased mRNA expression of
mitochondrially encoded genes in APP mice that were 2, 5, and
18 months old, compared to age-matched, non-transgenic wild-type
mice, indicating that mitochondrial toxicity may increase with age
and may also be due to over-expressed APP and an increase in the
production of amyloid beta. This increase in mitochondrial gene ex-
pression may be cautiously interpreted as a compensatory response
to a decrease in mitochondrial function [28,42].
In a recent proteomics study, Fu et al. [43] found that mitochondri-
al proteins of oxidative phosphorylation, mitochondrial permeability
transition pores, and energy metabolism increased with age in PS1
transgenic mice, compared to age-matched, non-transgenic wild
type mice, indicating that increased mitochondrial proteins may be
a compensatory response to PS1 mutations in aged PS1 mice. Findings
from those studies clearly suggest that increased mtDNA, RNA, and
proteins are compensatory responses – that is, physiological adapta-
tions – to the loss of mitochondrial function, also in support of our
current ﬁndings.
We found a greater increase in mtDNA in the rhesus brain than in
the rhesus blood, suggesting that, in general, brain tissue may be ox-
idatively more damaged by mtDNA deletions than peripheral tissue,
such as blood, in aging process. These mtDNA deletions may be due
to mitochondria dividing and producing a greater number of defec-
tive mitochondria and defective mtDNA in aging. Further research is
needed to evaluate these initial interpretations, using a large number
of samples and also a different species of nonhuman primate, such as
the Cynomolgus monkey.4.4. Gender difference in mtDNA content
Our combined brain DNA and buffy-coat DNA analysis of mtDNA
PCR suggests that mtDNA accumulates signiﬁcantly both in aged
male rhesus monkeys (P=0.0172) and in young and aged female
monkeys (P=0.0385), suggesting an age-dependent accumulation
of degraded mtDNA in both genders (Table 5). Such age-
dependency may be due to a compensatory response to the decrease
in mitochondrial function in aged monkeys, particularly in males
more than in females. However, additional research using large num-
bers of samples and different species of nonhuman primates iss Difference Standard error Permutation test p-value
9.12 61.22 0.2315
200.06 61.22 b0.0001⁎
−0.45 85.94 0.9972
18.70 87.21 0.7835
190.49 91.06 0.0385⁎
209.64 81.85 0.0172⁎
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tween mtDNA deletions and gender differences.
Regarding the relationship of mtDNA deletions and mtDNA de-
fects to gender, there are no published reports on nonhuman pri-
mates. However, in rodents, Vina and colleagues [6] reported a
decrease in mitochondrial free radical production and in oxidative
damage, in female rats relative to age-matched male rats. Those re-
sults indicate that female rats are more resistant to developing
mtDNA defects (including deletions and point mutations) and are
more resistant to mitochondrial dysfunction. However, the numbers
of mitochondria in ovariectomized female rats were found to be sim-
ilar to the numbers in age-matched males, further supporting the
possibility that females are more resistant than males, in developing
mitochondrial dysfunction [6]. Our initial ﬁndings in the present
study revealed that mtDNA deletions are similar in male and female,
young and aged rhesus monkeys. Further research is needed to un-
derstand these issues, using a larger number of monkeys.
In summary, we ampliﬁed full-length and 8 kb mtDNA in brain
and buffy-coat derived DNA from young and aged rhesus monkeys.
A 5.7 kb mtDNA deletion was observed in a majority of the DNA sam-
ples that we tested. Our PCR analysis of mtDNA revealed that mtDNA
content was signiﬁcantly increased in aged rhesus monkeys, com-
pared to the young rhesus monkeys. This increase may be a compen-
satory physiological response to decreased mitochondrial function in
the rhesus monkey as it ages. These age-dependent mtDNA changes
may be useful biomarkers for aging in monkeys and by extension,
possibly in humans. Additional research using greater numbers of
nonhuman human primates is needed to determine: 1) the relation-
ship between mtDNA deletion and mitochondrial dysfunction, 2)
mtDNA deletion and disease in monkeys, 3) to determine different
types of deletions, if any (in addition to the 5.7 kb deletion) in
mtDNA, and 3) gender differences associated with mtDNA content.
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